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Abstract We investigate the effects of anthropogenic sulfate on secondary organic aerosol (SOA)
formation from biogenic isoprene through airborne measurements in the southeastern United States as
part of the Southeast Nexus (SENEX) field campaign. In a flight over Georgia, organic aerosol (OA) is enhanced
downwind of the Harllee Branch power plant but not the Scherer power plant. We find that the OA
enhancement is likely caused by the rapid reactive uptake of isoprene epoxydiols (IEPOX) in the sulfate-rich
plume of Harllee Branch, which was emitting at least 3 times more sulfur dioxide (SO2) than Scherer, and
more aerosol sulfate was produced downwind. The contrast in the evolution of isoprene-derived OA
concentration between two power plants with different SO2 emissions provides an opportunity to
investigate the magnitude and mechanisms of particle sulfate on isoprene-derived OA formation. We
estimate that 1μg sm�3 reduction of sulfate would decrease the isoprene-derived OA by 0.23 ± 0.08μg sm�3.
Based on a parameterization of the IEPOX heterogeneous reactions, we find that the effects of sulfate on
isoprene-derived OA formation in the power plant plume arises from enhanced particle surface area and
particle acidity, which increases both IEPOX uptake to particles and subsequent aqueous-phase reactions,
respectively. The observed relationships between isoprene-OA, sulfate, particle pH, and particle water in
previous field studies are explained using these findings.

1. Introduction

Secondary organic aerosol (SOA), which is formed in the atmosphere via the oxidation of volatile organic
compounds (VOCs), accounts for a large fraction of submicron particulate matter globally [Hallquist et al.,
2009; Jimenez et al., 2009]. In the southeastern United States, a large fraction of SOA originates from bio-
genic VOCs in summer [Liao et al., 2007; Spracklen et al., 2011; Weber et al., 2007; Xu et al., 2015a; Xu
et al., 2015b]. However, the SOA formation process is largely mediated by anthropogenic pollutants, such
as nitrogen oxides (NOx) and aerosol sulfate [Carlton et al., 2010; Hoyle et al., 2011; Xu et al., 2015a; Xu
et al., 2015b]. Long-term measurements (1999–2013) at the Southeastern Aerosol Research and
Characterization (SEARCH) network have revealed a significant decreasing trend in ambient concentrations
of sulfur dioxide (SO2) and NOx, which is caused by regulations of anthropogenic emissions from power
plants and vehicles [Hidy et al., 2014], as well as the switch from coal to natural gas in many power plants
[de Gouw et al., 2014]. Meanwhile, the concentration of organic carbon (OC) has also decreased significantly
in the same region as shown in Hidy et al. [2014]. However, the causes for the OC reduction were less clear.

XU ET AL. SULFATE AFFECTS ISOPRENE SOA FORMATION 11,137

PUBLICATIONS
Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1002/2016JD025156

Key Points:
• Isoprene-OA formation is rapid via the
IEPOX reactive uptake downwind of
power plant plumes

• Sulfate enhances isoprene-OA
formation due to both enhanced
particle surface area and particle
acidity

• About 25% of the OA reduction in
the southeastern United States could
arise from the sulfate control over
isoprene-OA formation

Supporting Information:
• Supporting Information S1

Correspondence to:
N. L. Ng,
ng@chbe.gatech.edu

Citation:
Xu, L., et al. (2016), Enhanced formation
of isoprene-derived organic aerosol in
sulfur-rich power plant plumes during
Southeast Nexus, J. Geophys. Res.
Atmos., 121, 11,137–11,153, doi:10.1002/
2016JD025156.

Received 28 MAR 2016
Accepted 13 AUG 2016
Accepted article online 4 SEP 2016
Published online 29 SEP 2016

©2016. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD025156
http://dx.doi.org/10.1002/2016JD025156
http://dx.doi.org/10.1002/2016JD025156
http://dx.doi.org/10.1002/2016JD025156
http://dx.doi.org/10.1002/2016JD025156
mailto:ng@chbe.gatech.edu


Blanchard et al. [2015] estimated that about 45% of OC in the southeastern United States derives from
combustion sources (vehicles and biomass burning), which contributes the most to the OC reduction. In
addition to the reduction in primary OC from combustion sources, secondary OC from biogenic VOCs also
likely decreases, due to the reduction in NOx and SO2 and their interactions with biogenic emissions. For
example, Blanchard et al. [2015] observed an association between OC and sulfate based on a statistical
analysis of the long-term SEARCH data. The amount of sulfate-associated OC accounted for ~25% of
average OC concentration from 1999 to 2013. Also, as shown in Xu et al. [2015a], the correlation between
OC and sulfate in the SEARCH data is substantially better in summer than in winter.

One possible explanation for the association between OC and sulfate arises from the effect of sulfate on
biogenic SOA formation, especially isoprene. Globally, isoprene is the single largest contributing com-
pound to VOC emissions from vegetation [Guenther et al., 2012]. In the southeastern United States, iso-
prene is the most abundant biogenic VOC [Goldstein et al., 2009; Guenther et al., 2012]. Laboratory
studies have revealed that the isoprene SOA yield is greatly enhanced in the presence of acidic sulfate
seed particles [Edney et al., 2005; Kleindienst et al., 2006; Liu et al., 2015; Surratt et al., 2007; Surratt et al.,
2010]. The enhancement is due to the reactive uptake of isoprene epoxydiols (IEPOX) [Gaston et al.,
2014; Lin et al., 2012; Riedel et al., 2015; Surratt et al., 2010; Wang et al., 2005]. IEPOX are isoprene oxidation
products from the peroxy radical (RO2) + hydroperoxyl radical (HO2) pathway [Paulot et al., 2009b]. Positive
matrix factorization (PMF) analysis of aerosol mass spectrometry data has resolved an isoprene-derived
organic aerosol factor (i.e., isoprene-OA) at multiple sampling sites [Budisulistiorini et al., 2016;
Budisulistiorini et al., 2013; Chen et al., 2015; Hu et al., 2015; Robinson et al., 2011; Slowik et al., 2011; Xu
et al., 2015a; Xu et al., 2015b]. This factor has been interpreted as a surrogate for isoprene SOA through
IEPOX reactive uptake. Specifically, PMF analysis of high-resolution aerosol mass spectrometer (AMS) data
showed that isoprene-OA accounted for 18–36% of OA in summer in the southeastern United States [Xu
et al., 2015a; Xu et al., 2015b].

Based on measurements at multiple sites in the southeastern United States, Xu et al. [2015b] showed that
isoprene-OA is strongly associated with sulfate but not associated with particle pH or particle water as
suggested by prior laboratory studies. This strong correlation between isoprene-OA and sulfate has been
repeatedly observed in many studies [Budisulistiorini et al., 2015; Hu et al., 2015] and reproduced in chemi-
cal transport models [Marais et al., 2015; McNeill, 2015; McNeill et al., 2012; Pye et al., 2013]. However, a
coherent explanation regarding the relationships between isoprene-OA and sulfate, particle pH, and parti-
cle water has not emerged. The model results by Marais et al. [2015] suggest that the correlation between
isoprene-OA and sulfate is caused by sulfate's influence on volume and pH, although the role of particle
volume is not explicitly discussed and remains unclear. Regarding the repeatedly observed lack of correla-
tion between isoprene-OA and particle pH in ambient measurements [Budisulistiorini et al., 2015; Xu et al.,
2015b], some studies suggested that it is because isoprene-OA measured at a surface site is affected by
transport, during which the particle pH can change [Budisulistiorini et al., 2013]. However, Budisulistiorini
et al. [2015] modeled the concentration of IEPOX-derived SOA tracers with good accuracy by using local
particle pH and particle water at Look Rock, TN, even though the observed isoprene SOA did not correlate
with local particle pH. In addition, in Xu et al. [2015b], where isoprene-OA was largely locally produced at
Centreville, AL, as indicated by the highly reproducible diurnal variation of isoprene-OA regardless of the
origin of air masses, isoprene-OA is still not correlated with particle pH. Thus, transport may not explain
the lack of correlation between isoprene-OA and particle pH. Other possible mechanisms of sulfate influ-
ence on isoprene-OA formation are through the surface accommodation process [Lin et al., 2013] or
nucleophilic effects of sulfate [Xu et al., 2015b].

In this study, we investigate the mechanisms and kinetics of anthropogenic emissions on isoprene SOA
formation based on airborne measurements in the southeastern United States, a region with large emis-
sions from both anthropogenic and biogenic sources. We sampled downwind from power plants in
Georgia. The power plant studies serve as a unique perturbation experiment in the atmosphere by inject-
ing anthropogenic emissions (NOx and SO2) into isoprene-rich air masses. We use measurements made
downwind from two power plants with differing SO2 emissions, which provides an opportunity to examine
the sensitivity of isoprene SOA to varying amounts of particle sulfate in otherwise nearly identical
ambient conditions.
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2. Measurements and Models

Measurements were performed as part
of the Southeast Nexus (SENEX) cam-
paign in June and July 2013 [Warneke
et al., 2016]. In the SENEX campaign,
the NOAA WP-3D aircraft flew 20
research flights over the southeastern
United States. In the current study, we
focused on the flight on 16 June 2013,
when the aircraft flew over Georgia.
The flight track is shown in Figure 1.
We focus our analysis on the measure-
ments at different downwind distances
of two power plants, Scherer and
Harllee Branch, the locations of which
are shown in Figure 1. Both Scherer
and Harllee Branch are coal-fired power
plants, but they have different emis-
sions of NOx and SO2. As shown in
Figure S1, the daytime NOx and SO2

emissions of Scherer are only about
one third and one sixth of those of

Harllee Branch, respectively, which is a result of the installation of different emissions reduction equipment
in Scherer compared to Harllee Branch according to Continuous Emissions Monitoring System (http://
www3.epa.gov/ttn/emc/cem.html). The wind direction for this flight was constantly from the southwest,
resulting in a well-defined plume of emissions that was advected to the northeast. We note that there was
a biomass burning source located upwind of the two power plants, and the plume from this source advected
between the power plants. As will be discussed below, portions of this plume mixed with the Scherer plume
in some transects. The gas phase chemistry in these plumes is described in a parallel paper that focuses on
the effect of NOx on oxidation rates and the formation of isoprene products such as formaldehyde [de
Gouw et al., 2015].

A suite of instruments were deployed aboard the aircraft. The instruments of interest to our study are sum-
marized in Table S1 and discussed briefly below. A compact time-of-flight aerosol mass spectrometer
(cToF-AMS) was deployed to measure the composition of nonrefractory submicron particles [Bahreini
et al., 2008; Bahreini et al., 2009; Canagaratna et al., 2007]. PMF analysis was performed on the organic mass
spectra of the whole flight for OA source apportionment (supporting information). The collection efficiency
(CE) for the AMS data was determined according to the composition-dependent algorithm proposed by
Middlebrook et al. [2012] (Figure S2a). We validated the application of composition-dependent CE by con-
verting the mass concentrations of nonrefractory species (measured by AMS) and refractory black carbon
(measured by single-particle soot photometer) to volume concentration (denoted as composition-based
volume) (supporting information). Then we compared the composition-based volume with Ultra-High
Sensitivity Aerosol Size spectrometer (UHSAS) measurements, which reports the particle size distribution
in the range of 70–1000 nm [Brock et al., 2016]. As shown in Figure S2b, the composition-based volume
for this flight agrees well with the UHSAS volume (slope = 1.01 ± 0.06). Even in the plume where the par-
ticle composition changes largely and there is an increase in smaller-sized particles, they still show excel-
lent agreement (slope = 0.97 ± 0.04). Depending on the organic aerosol density, the accuracy of the
composition-based volume relative to the UHSAS volume for this flight is ±16% (Figure S2c). All of the
submicron aerosol instrumentation sampled air from behind a low turbulence inlet and a 1μm aerody-
namic diameter impactor [Brock et al., 2016; Wagner et al., 2015]. The air in this aerosol sampling line
was passively dried by ram heating, and the warmer temperature inside the aircraft compared to ambient.
For the flight on 16 June 2013 analyzed in this study, the mean ambient relative humidity (RH) was 68%,
and the mean RH downstream of the AMS sampling inlet was 36%. The air entering the UHSAS was
further dried to about 15% RH with a Nafion dryer.

Figure 1. Flight track of the NOAA WP-3D aircraft presented in this study.
The flight track is colored by SO2 concentration. The direction of arrow
represents wind direction, and the length of arrow is proportional to wind
speed. The power plants are marked in the figure and sized by its SO2
emission. The two power plants of interest to this study, Scherer and
Harllee Branch, are labeled in the figure. The gray circled region
represents urban Atlanta.
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A high-resolution time-of-flight chemical ionization mass spectrometer (HR-CIMS) using iodide adducts
was deployed to measure a suite of oxygenated volatile organic compounds (oVOCs) at high frequency
(1 Hz). Detailed working principles and sampling protocol can be found in Lee et al. [2014]. The instru-
ment is able to elucidate the chemical composition of hundreds of molecular ions from the high mass
accuracy and resolution, but it does not provide structural information nor isomer separation. Among
all the oVOCs detected by the CIMS, the signal for C5H10O3 species which has contribution from two
isomers, isoprene hydroxyhydroperoxides (ISOPOOH) and isoprene epoxydiols (IEPOX), is of interest to
our study.

The particle liquid water content (H2Optcl) was calculated based on water uptake by both organics and inor-
ganics [Guo et al., 2015] and the measured ambient meteorological data [Warneke et al., 2016]. The H2Optcl

uptake by organics was calculated based on the organic concentration (measured by AMS) and hygroscopi-
city (i.e., κorg) [Petters and Kreidenweis, 2007]. Considering uncertainties in κorg from previous measurements
under different saturation states [Brock et al., 2016; Cerully et al., 2015], we performed sensitivity tests by
varying κorg from 0 to 0.2, which has negligible effects on the conclusions (Figure S3). An average value of
0.1 was selected for κorg. The particle-phase H+ and H2Optcl uptake by inorganics were predicted using the
thermodynamic model ISORROPIA II [Fountoukis and Nenes, 2007]. In addition to the particle-phase inorganic
ions (i.e., sulfate, nitrate, ammonium, and chloride measured by AMS), gas phase HNO3 and NH3 measured
from the aircraft were also included in the model prediction of H+ and pH [Hennigan et al., 2015]. The
particle-phase pH was calculated by

pH ¼ � log10a
þ
H ¼ � log10

Hþ

LMass
�ρparticle�1000

� �
(1)

where H+ and LMass are the mass concentrations of particle hydronium ion and total aqueous-phase output
from ISORROPIA II (μg sm�3), ρparticle is the particle density (g cm

�3), and aH
+ is the H+ activity in the aqueous

phase (mol L�1). The modeled HNO3, NH3, and particle NH4
+ agree within 20% of the measurements (Figure

S4), which supports the accuracy of our pH calculation. The details about the calculation of particle water and
particle acidity are discussed in the supporting information.

3. Results and Discussion
3.1. Evolution of Species Downwind of the Power Plants

Plumes from the two power plants, Scherer and Harllee Branch, were each intercepted five times at different
downwind distances, which allows us to investigate the evolution of plume composition, with a focus on
organic aerosol. In order to compare the species concentration inside and outside the plume, for each
intercept, we calculate the average plume concentration of a certain species based on 1min measurements
in the center of the plume (defined by peak NO2 concentration) and we calculate the average concentration
outside the plume based on 2min measurements before and after the plume intercepts (see Figure S5 for
details). Figure 2 shows the evolution of species of interest, and Figure S6 shows the evolution of auxiliary
species. While the SO2 concentration is enhanced in both plumes compared to outside the plume
(Figure 2a), the enhancement magnitude is larger in the Harllee Branch plume due to larger emissions of
SO2. The oxidation of SO2 causes the enhancement of sulfate downwind of the power plants (Figure 2b).
Figure 2c shows that enhancements in OA are observed at all intercepts of the Harllee Branch plume. The
largest enhancement occurred at the fourth intercept (i.e., 62.8 km downwind of Harllee Branch), where
the OA increased by as much as 1.8μg sm�3 after correcting for the particle collection efficiency in AMS. In
contrast, the OA was only enhanced for the first two intercepts of Scherer plume. Below, we address the
causes for OA enhancement in both plumes, with a focus on the Harllee Branch plume.

3.2. Reasons for OA Enhancement in the Plumes

The OA enhancement for the first two intercepts of Scherer plume is likely caused by a biomass burning
plume that partly merged with the Scherer plume. Black carbon (Figure S7) and other tracers for biomass
burning (e.g., CO and acetonitrile) are enhanced in the first two intercepts of Scherer plume. This biomass
burning plume has negligible influence on the Harllee Branch as neither black carbon nor acetonitrile is
enhanced in the Harllee Branch plume.
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To examine the reasons for the OA enhancement in the Harllee Branch plume, we first investigate the com-
position of OA formed in the plume. For each intercept, we subtract the OA mass spectra outside the plume
from the OA mass spectra inside the plume and then normalize the difference mass spectra to the total
difference signal. As shown in Figure 3, the composition of OA formed in the Harllee Branch is distinctly
different from that outside the plume. Outside the plume, the most prominent signal is m/z 44 (mainly
CO2

+, a tracer for carboxylic acids [Canagaratna et al., 2015; Ng et al., 2010]). Inside the Harllee Branch plumes,
we note a substantial signal at m/z 53 and m/z 82, which are attributed to isoprene SOA via the reactive
uptake of IEPOX [Allan et al., 2014; Budisulistiorini et al., 2013; Lin et al., 2012; Liu et al., 2015; Robinson et al.,
2011; Xu et al., 2015a; Xu et al., 2015b]. The ion m/z 82 accounts for about 2.1–3.5% of the OA formed in
the Harllee Branch plume. The enhancement of m/z 82 suggests that the formation of isoprene SOA
contributes to the OA enhancement in the Harllee Branch plume. Although the cToF-AMS used in this study
cannot separate the ions atm/z 82 (34SO3

+, C4H2O2
+, C5H6O

+, and C6H10
+), the mass resolution is sufficient to

Figure 2. Evolution of (a) SO2, (b) sulfate, (c) organics, (d) oxygenated organic aerosol (OOA), (e) isoprene-derived organic
aerosol (isoprene-OA), (f) particle water, and (g) particle pH. The error bars represent the standard error. The error bars of
some data points are smaller than the symbol size of the data points. Details about the particle water and pH calculation
can be found in the supporting information. The sulfate concentration reported here is measured by AMS, which includes
both SO4

2� and HSO4
�. The ISORROPIA calculated concentrations of SO4

2� and HSO4
� are shown in Figure S10.
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indicate that the signal at m/z 82 is distinctly not solely due to 34SO3
+ or C6H10

+ (Figure S8). It is likely domi-
nated by C5H6O

+ based on high-resolution AMS data obtained in surface measurements in the southeastern
United States [Xu et al., 2015a; Xu et al., 2015b].

To further investigate the reasons for OA enhancement in the plumes, we perform PMF analysis on organic
mass spectra for source apportionment. Two OA factors, oxygenated OA (OOA) and isoprene-derived OA
(isoprene-OA), are resolved for this flight. The mass spectra and time series of these two factors are shown in
Figure 4. Themass spectrum of OOA is characterized by high f44 (ratio ofm/z 44 to total OA signal), which indi-
cates that this factor is highly oxidized [Nget al., 2010]. For the entire flight on 16 June, OOAaccounts for 76%of
OA on average. The time series of OOA correlates well with CO (R= 0.92, Figure 4b), which is consistent with
previous field studies [Bahreini et al., 2009; Sullivan et al., 2006;Weber et al., 2007;Worton et al., 2011].

The mass spectrum of the isoprene-OA factor is characterized by peaks at m/z 53 and 82 (Figure 4a). As
discussed above,m/z 53 and 82 have been used as a tracer for SOA formed via IEPOX reactive uptake based
on current knowledge. However, we cannot rule out the possibility that this factor also includes contribution
from isoprene-OA formed via other pathways or the possibility that isoprene oxidation products other than
IEPOX are taken up by acidic sulfate particles to generate m/z 53 and 82 [Schwantes et al., 2015]. Thus, we
name the factor as isoprene-OA [Xu et al., 2015a; Xu et al., 2015b]. The time series of isoprene-OA correlates
well with sulfate (R= 0.73), which is consistent with surface measurements in the southeastern United States
[Budisulistiorini et al., 2016; Budisulistiorini et al., 2013; Budisulistiorini et al., 2015; Xu et al., 2015a; Xu et al.,
2015b]. Isoprene-OA accounts for 24% of OA on average, with enhanced mass fraction in the Harllee
Branch plume (Figure 4c).

Figure 5 shows the vertical profiles of the concentrations and mass fractions of OOA and isoprene-OA. The
concentrations of both factors are relatively constant from the bottom of the profile to 2 km. Above 2 km,
their concentrations decrease rapidly with altitude. At high altitude (i.e., > 3 km), isoprene-OA concentration
falls nearly to 0 and OOA dominates the OA (i.e., >90%). The vertical profile of isoprene-OA in this study is
similar to the vertical profile of IEPOX sulfate ester over the southeastern United States [Froyd et al., 2010;
Liao et al., 2015] and the vertical profile of isoprene SOA tracer ion m/z 82 over the Amazon [Allan et al.,
2014] and Bornean rainforest [Robinson et al., 2011].

PMF analysis shows that the OA enhancement for the first two intercepts of Scherer plume is mainly due to an
increase in OOA concentration. This OOA enhancement is likely caused by a biomass burning plume that
partly merged with the Scherer plume (Figure S7). A biomass burning OA factor is not resolved from this
flight, which is likely caused by the fact that the OA from biomass burning is aged and hence may be appor-
tioned OOA factor by PMF analysis [Grieshop et al., 2009; Hennigan et al., 2011; Xu et al., 2015a]. It is also pos-
sible that the contribution from biomass burning OA to total OA is less than 5% so that PMF cannot retrieve
the biomass burning OA factor [Ulbrich et al., 2009]. According to PMF analysis, isoprene-OA is the main

Figure 3. (left column) Normalized mass spectra of OA outside the Harllee Branch plume. (right column) Normalized mass
spectra of OA formed inside the Harllee Branch plume, which are calculated by subtracting the OAmass spectra outside the
plume from that inside the plume and then normalizing the difference mass spectra to the total difference signal.
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reason for the OA enhancement in the Harllee Branch plume. As shown in Figure 2e, isoprene-OA factor is
substantially enhanced in the Harllee Branch plume, which is consistent with a large increase at signal m/z
82 inside the plume (Figure 3). In contrast, the isoprene-OA factor is not enhanced in the Scherer plume.

3.3. Reasons for Isoprene-OA Enhancement in Harllee Branch Plume

Next, we investigate the possible causes for the isoprene-OA enhancement in the Harllee Branch plume.
Isoprene is depleted rapidly in the Harllee Branch plume [de Gouw et al., 2015]. The gas phase chemistry in

Figure 4. (a) Mass spectra, (b) time series, and (c) mass fractions of OA factors resolved from PMF analysis on the whole
flight. The time series of corresponding external tracers are also shown in Figure 4b.
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these plumes was investigated by de Gouw et al. [2015], who concluded that hydroxyl radical (OH) concen-
trations in both plumes were enhanced due to the presence of NOx. The enhancements in OH concentration
led to lower isoprene concentrations and increased concentration of isoprene products like formaldehyde in
both plumes. Nevertheless, the oxidation of isoprene inside the Harllee Branch plume is unlikely to be the
reason for the isoprene-OA enhancement. This is because of the high concentration of NOx in the plume,
which dominates the fate of RO2 and inhibits the formation of IEPOX via the RO2 +HO2 pathway (supporting
information). Similarly, the oxidation of ISOPOOH undergoes fragmentation and does not produce IEPOX in
the plume [St. Clair et al., 2016]. Although Jacobs et al. [2014] showed that the RO2 +NO pathway could also
produce IEPOX, the IEPOX yield from that reaction is very small. For example, the largest reduction in isoprene
observed in the third intercept of the Harllee Branch plume (i.e., ~1 ppb) would produce only 0.01 ppb IEPOX
(~0.03μg/m3), which is too low to explain the magnitude of isoprene-OA enhancement. In addition, formal-
dehyde (HCHO), a product of isoprene oxidation via fragmentation [Paulot et al., 2009a], is enhanced in the
plume, which is likely due to enhanced OH concentration and NO dominating the fate of RO2 in the plume
[de Gouw et al., 2015;Wolfe et al., 2015]. Thus, based on current understanding on IEPOX formation mechan-
isms, it is unlikely that enhanced isoprene oxidation in the plume can produce enough IEPOX to explain the
magnitude of isoprene-OA enhancement.

Background IEPOX, rather than IEPOX produced in the plume, likely dominated the isoprene-OA enhance-
ment when it interacted with the sulfate-rich power plant plume. We perform a rough mass closure analysis
to demonstrate that the reactive uptake of already existing IEPOX in the atmosphere could explain the
isoprene-OA enhancement in the plume. Since IEPOX and ISOPOOH were measured as the same cluster
ion atm/z 245 (C5H10O3I

�) by I� CIMS in this study, we apply a previously measured IEPOX/ISOPOOH concen-
tration ratio to estimate IEPOX from the C5H10O3I

� signal using equation (2)

C5H10O3I� signal ¼ IEPOX½ ��IEPOX sensitivity þ ISOPOOH½ ��ISOPOOH sensitivity (2)

In equation (2), C5H10O3I
� signal (in unit of counts per second, cps) is measured by I� CIMS in this study. The

HR-CIMS sensitivities to IEPOX and ISOPOOH are 0.39 and 3.32 (cps ppt�1), respectively. [IEPOX] and
[ISOPOOH] are the concentration of IEPOX and ISOPOOH (ppt), respectively, which are to be determined.
The IEPOX/ISOPOOH concentration ratio is estimated to be 1.04 ± 0.54 (average± 1 standard deviation),
based on the IEPOX and ISOPOOH measurements by a triple quadrupole CIMS during the Southeastern
Oxidant and Aerosol Study (SOAS) and the Studies of Emissions and Atmospheric Composition, Clouds and
Climate Coupling by Regional Surveys (SEAC4RS), which occurred over a similar region of the southeastern
United States a few months after the SENEX project. After applying the estimated IEPOX/ISOPOOH concen-
tration ratio to equation (2) and propagating uncertainties, we estimate that the IEPOX concentration is about
750 ± 546 ppt outside the Harllee Branch plume. Details about the estimation can be found in the supporting
information. Then, assuming that all the IEPOX is taken up by the acidic particles in the plume and assuming a
SOA yield of 20% from IEPOX reactive uptake [Riedel et al., 2015], the IEPOX reactive uptake would produce

Figure 5. Vertical profile of (a) concentration and (b) mass fraction of OOA and isoprene-OA. The data are grouped based
on 500m increment in altitude. The error bars represent one standard deviation.
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about 0.7 ± 0.51μg sm�3 SOA, which is similar to the observed isoprene-OA enhancements in the plume
(about 1μg sm�3 in Figure 2e). Despite large uncertainties in estimating IEPOX concentration, SOA yield,
and IEPOX fate in the plume, this analysis demonstrates that the isoprene-OA enhancement in the plume
could be explained by reactive uptake of IEPOX.

3.4. Parameterization of IEPOX Heterogeneous Reactions

To quantitatively support our argument that IEPOX reactive uptake process is fast and contributes to the OA
enhancement in the Harllee Branch plume, we calculate the pseudo-first-order heterogeneous reaction rate
constant for IEPOX reactive uptake (khet, s

�1). The khet can be calculated by following equation (3), neglecting
the gas phase diffusion which has a minor effect on khet [Gaston et al., 2014].

khet ¼ γυSa
4

(3)

In equation (3), γ is the uptake coefficient of IEPOX, ν is the mean molecular speed of IEPOX (231m s�1 at
298 K), and Sa is the surface area of wet particles at ambient RH, which is calculated from the measured dry
particle size distribution and κ-Köhler theory (supporting information). The parameter γ is parameterized
based on a resistor model, which includes the mass accommodation at the surface (i.e., the first term
in equation (4)) and aqueous-phase diffusion and reactions (i.e., the second term in equation (4)) [Pye
et al., 2013].

1
γ
¼ 1

α
þ ν

4HIEPOXRT
ffiffiffiffiffiffiffiffiffiffiffiffi
Dakaq

p 1
f qð Þ (4)

f qð Þ ¼ coth qð Þ � 1
q

(5)

q ¼ rp

ffiffiffiffiffiffiffi
kaq
Da

s
(6)

kaq ¼
XN
i¼1

XM
j¼1

ki;j nuci½ �aq acidj
� �

aq (7)

In equations (4)–(7), the mass accommodation coefficient, α, is estimated to be 0.1 by Gaston et al. [2014];
the diffusivity of IEPOX in the aqueous phase, Da, is estimated to be 10�9m2 s�1 by Gharagheizi et al.
[2011]; rp is the effective particle radius. The pseudo-first-order aqueous-phase rate constant, kaq, is based
on an acid-catalyzed ring-opening A-2 mechanism [Eddingsaas et al., 2010]. [nuc]aq and [acid]aq represent
the molarity (mol L�1) of nucleophiles (SO4

2� and H2O) and acids (H+ and HSO4
�), respectively. The ki,j are

the third-order rate constants for the reactions between IEPOX, acids (H+ and HSO4
�), and nucleophiles

(SO4
2� and H2O). We applied the values of ki,j from Riedel et al. [2016], who estimated the ki,j values using

a box model with experimental constraints. HIEPOX is the Henry's Law coefficient of IEPOX. There are large
uncertainties in many model parameters. For example, the HIEPOX, which has been determined by model
calculations and laboratory measurements, spans 2 orders of magnitude [Chan et al., 2010; Eddingsaas
et al., 2010; Gaston et al., 2014; Nguyen et al., 2014; Pye et al., 2013]. Here we apply the values of 3 × 107

and 1.7 × 108M atm�1 based on measurements by Nguyen et al. [2014] and Gaston et al. [2014] for a
sensitivity analysis. All the values of the parameters used in the calculation are summarized in Table S2.
The parameterization is illustrated in Figure 6. The kaq describes the IEPOX aqueous-phase reaction rate
constant; γ evaluates the probability of gas particle collisions that leads to reaction; khet describes the over-
all heterogeneous reaction rate constant of IEPOX, which includes two steps, IEPOX uptake to particles and
subsequent aqueous-phase reactions.

In addition to the pseudo-first-order heterogeneous reaction rate constant for IEPOX reactive uptake (i.e.,
khet), we also calculate the pseudo-first-order oxidation rate constant for IEPOX by OH radical (i.e., kox, s

�1).
The kox is estimated by the product of OH concentration and the rate coefficient for the reaction of
IEPOX and OH (kOH+IEPOX) (equation (8)). The OH concentration in the power plant plumes is estimated
by a Lagrangian plume dispersion model with photochemistry [Brock et al., 2002; Sillman, 2000; Wert
et al., 2003]. There are two measured kOH+IEPOX values in the literature (i.e., 1.51 × 10�11 and
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3.52 × 10�11 cm3molecule�1 s�1 at 298 K in Bates et al. [2014] and Jacobs et al. [2013], respectively), both of
which are applied in this study for a sensitivity analysis.

kox ¼ kIEPOXþOH OH½ � (8)

Figure 7 shows the calculated khet and kox for each intercept. In the Harllee Branch plume, the khet is greater
than 1.4 × 10�3 s�1, which corresponds to an IEPOX lifetime shorter than 12min (Figure S9), suggesting that
the heterogeneous reaction is very fast. Also, the IEPOX heterogeneous reaction rate is 3–10 times faster than
its gas phase oxidation rate, which indicates that the heterogeneous reaction is the major fate of IEPOX in the
Harllee Branch plumes. Compared to Harllee Branch, the heterogeneous reaction rate is slower in Scherer,
which is essentially caused by the smaller enhancement of sulfate in the Scherer plume. In Scherer, the
IEPOX gas phase oxidation rate could be about half of its heterogeneous reaction rate (Figure 7), which
implies that a portion of IEPOX may undergo OH oxidation, instead of heterogeneous reaction. This may
explain the lack of isoprene-OA enhancement in Scherer.

Figure 7. The pseudo-first-order reaction rate constants of IEPOX with respect to heterogeneous reaction and OH oxida-
tion. Henry's law constants of IEPOX (HIEPOX, in the unit of M atm�1) are from Nguyen et al. [2014] and Gaston et al.
[2014]. The rate coefficients for the reaction of IEPOX and OH (kIEPOX+OH, in the unit of cm

3molecule�1 s�1) are from Bates
et al. [2014] and Jacobs et al. [2013]. The lifetime of IEPOX with respect to heterogeneous reaction and OH oxidation are
shown in Figure S9.

Figure 6. A schematic representation of the processes involved in the heterogeneous reaction of IEPOX and the effects of
sulfate on the processes.
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3.5. Roles of Sulfate on Isoprene-OA
Formation

The rapid heterogeneous reaction of
IEPOX is a result of sulfate enhance-
ments in the Harllee Branch plume,
which is consistent with the finding
that sulfate plays an important role in
isoprene-OA formation in Xu et al.
[2015b]. As shown in Figure 2b, the
sulfate concentration is enhanced in
the Harllee Branch plume by a factor of
2–5 compared to outside the plume,
which is caused by the oxidation of
SO2. As a consequence of the sulfate
enhancement, the particle acidity,
particle water, and particle surface
area in the plume are increased and
correlated with each other (Figure 2).
All these changes facilitate the IEPOX
heterogeneous reaction. However,
since these changes occur simulta-
neously, the separate effects (i.e.,
nucleophile versus acid catalyst versus
uptakemedium) are difficult to quantify.
As shown in equation (3) and Figure 6,
khet is proportional to both surface

area and γ (which is affected by particle acidity). The relative importance of surface area and particle acidity
on khet will be systematically assessed below.

First, we find that the nucleophilic effect of SO4
2� is likely small. Although the absolute amount of SO4

2�

concentration in air (i.e., [SO4
2�]air, []air indicates unit μgm

�3 air) increases in the plume (Figure S10e), its
aqueous-phase concentration (i.e., [SO4

2�]aq, []aq indicates unit mol L�1) is not enhanced in the plume
(Figure S10f). This is because for the same RH, higher [SO4

2�]air leads to higher [H2Optcl]air, which dilutes
the aqueous-phase SO4

2� concentration and limits [SO4
2�]aq enhancement. This suggests that the SO4

2�

nucleophilic effect is not likely the reason for the isoprene-OA enhancement in the plumes. We note that
the [SO4

2�]aq in the third Harllee Branch plume intercept is lower in the plume compared to outside. This
is because the low particle pH in this intercept shifts the SO4

2�-HSO4
� equilibrium toward HSO4

�, which
results in lower [SO4

2�]aq and higher [HSO4
�]aq (Figure S10).

Particle acidity (i.e., [H+]aq) could affect khet by influencing the IEPOX aqueous-phase reactions (kaq) and hence
γ (equations (7) and (4), respectively). In order to test themagnitude of this effect in the Harllee Branch plume,
we first calculate khet by using all the species concentration outside the plume (denoted as khet,out) and khet by
using all the species concentration inside the plume (denoted as khet,in). We then calculate a new khet by using
all the species concentration outside the plume but replacing only [H+]aq with the concentration inside the
plume (denoted as khet,H+). By comparing the values of these different khet, we can evaluate the effect of chan-
ging particle acidity alone on khet. Figure 8 shows that khet,H+ is larger than khet,out, suggesting that increasing
particle acidity contributes to khet enhancement in the Harllee Branch plume. However, khet,H+ accounts for
28–52% or 13–32% of khet enhancement (i.e., calculated as (khet,H+� khet,out)/(khet,in� khet,out)), using an
HIEPOX value of 3.0 × 107 or 1.7 × 108Matm�1, respectively. This suggests that increasing particle acidity alone
does not fully explain the enhanced magnitude of khet in the plume according to the model.

Enhanced particle surface area also contributes to enhanced khet in the Harllee Branch plume. Unlike particle
acidity which affects khet by influencing aqueous-phase reactions, particle surface area affects khet by influen-
cing the gas particle collision frequency and hence the amount of IEPOX uptake to particles. Figure 8 shows
that khet,SA (calculated in a similar way as khet,H+ discussed above) accounts for 15–30% or 45–69% of khet

Figure 8. The pseudo-first-order heterogeneous reaction rate constant of
IEPOX (khet) inside and outside the plume. khet,X is calculated by using
species concentrations outside the plume but only substituting the con-
centration of species X (X =H+, SO4

2�, HSO4
�, and SA) with the value inside

the plume. Different HIEPOX values (M atm�1) are used in Figures 8a and 8b.
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enhancement using an HIEPOX value of 3.0 × 107 or 1.7 × 108M atm�1, implying that increasing particle
surface area alone could possibly explain a large fraction of enhanced khet in the plume.

Despite the uncertainties in HIEPOX, it is clear that sulfate enhances isoprene-OA formation in the Harllee
Branch plume due to both enhanced particle surface area (i.e., IEPOX uptake to particles) and particle acidity
(i.e., aqueous-phase reactions).

3.6. Insights Into the Relationships Between Isoprene-OA, Sulfate, Particle Acidity, and Water

Xu et al. [2015b] observed a strong association between isoprene-OA and sulfate but a lack of correlation
between isoprene-OA and particle water and acidity. Other studies have reported similar relationships
[Budisulistiorini et al., 2015; Lin et al., 2013; Rattanavaraha et al., 2016;Worton et al., 2013]. The reason for these
observations may arise from the competition between IEPOX uptake to particles and subsequent aqueous-
phase reactions (summarized in Table 1 and Figure 6). Regarding the sulfate, its increase will not only
enhance the aqueous-phase reaction but also enhance IEPOX uptake rate to particles as the case in Harllee
Branch. Therefore, the overall IEPOX heterogeneous reaction rate is enhanced and the correlation between
isoprene-OA and sulfate is expected. Although both particle acidity and particle water play an important role
in the isoprene-OA formation, changes in particle acidity or particle water while other factors are held
constant may only affect one aspect of khet or have trade-off effects on khet.

Increasing particle acidity will increase the aqueous-phase reaction rate constant (i.e., kaq) and hence γ.
Laboratory studies by Gaston et al. [2014] showed that particle acidity has the strongest effect on γ. It is impor-
tant to note that γ only evaluates the probability of gas particle collisions that lead to reaction, but the IEPOX
heterogeneous reaction lifetime (i.e., 1/khet) and isoprene-OA concentration depend not only on γ but also on
the particle surface area (equation (3)). If the aqueous-phase reaction is sufficiently fast, γ saturates at the
mass accommodation coefficient and the overall heterogeneous rate constant (i.e., khet) is limited by particle
surface area. Thus, increasing particle acidity may not increase the amount of isoprene-OA.

The observed lack of correlation between [H2Optcl]air and isoprene-OA, even when other covariates are held
constant, may be due to the trade-off effects of particle water on khet. Higher [H2Optcl]air increases particle sur-
face area to potentially enhance IEPOX uptake. However, higher [H2Optcl]air also dilutes the aqueous-phase con-
centration of compounds (i.e., [H+]aq, [SO4

2�]aq, [HSO4
�]aq), which decreases the aqueous-phase reaction rate

constant (i.e., kaq). To quantitatively evaluate the effects of particle water, we calculate the khet by only changing
[H2Optcl]air and holding other covariates constant and similar to values measured at the Centreville, Alabama,
during SOAS (supporting information). As shown in Figure 9, increasing [H2Optcl]air dilutes particle phase con-
centrations which decreases γ, consistent with laboratory studies by Nguyen et al. [2014] and Gaston et al.
[2014]. We note that the effect of [H2Optcl]air on khet is affected by HIEPOX value. The khet is insensitive to change
in [H2Optcl]air if an HIEPOX value of 3.0×107Matm�1 is used, which is due to the increase in surface area com-
pensating the decrease in γ; however, khet increases with [H2Optcl]air if an HIEPOX value of 1.7 × 108Matm�1 is
used. Nevertheless, this analysis quantitatively shows that the opposing effects of particle water could poten-
tially explain the lack of association between [H2Optcl]air and isoprene-OA. Regarding the role of particle water
on SOA formation, Carlton and Turpin [2013] used a photochemical transport model and showed that the
particle water largely controls the partitioning ofwater-soluble gas and subsequent SOA formation by providing
partitioning medium in the southeastern U.S. However, since the dilution effect was not considered in Carlton
and Turpin [2013], the role of particle water may be overestimated.

These competing effects may explain the observed relationships between isoprene-OA and different
factors in previous studies. We note that the parameter values in the IEPOX heterogeneous reaction

Table 1. The Effects of Increasing H+ (μgm�3), Particle Water (μgm�3), or Sulfate (μgm�3) on khet While Holding the Other Covariates Constant

Increase in Resulting Changes Uptake to Particles Aqueous-Phase Reaction Overall Effect on khet

[Sulfate]air [H+]aq increases;
surface area increases

increase increase always increase

[H+]air [H+]aq increases no change increase may be small when kaq is sufficiently large

[H2Optcl]air [H+]aq and [SO4
2�]aq decrease;

surface area increases
increase decrease may offset
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parameterization are uncertain (such as α, HIEPOX, and ki,j's in equations (4)–(7)), which highly limits quantita-
tive understanding of the role of each factor. Further studies that constrain these parameters will improve
predictions of isoprene-OA. In addition to the uncertainties of parameter values, one aspect that is missing
in current IEPOX heterogeneous reaction parameterization is particle microphysical properties such asmixing
state and particle morphology. Recent studies showed that the preexisting organic coatings may reduce the
IEPOX heterogeneous reaction [Gaston et al., 2014; Riva et al., 2016]. Even if the particle composition is homo-
geneous, particles with the same sulfate mass concentration but different sulfate mass fractionmay still result
in different IEPOX heterogeneous rate. For example, particles with lower sulfate mass fraction would have less
sulfate and fewer active sites for IEPOX uptake at the particle surface. This may inhibit IEPOX uptake to par-
ticles due to lower catalytic and nucleophilic activity of organics. Because less SO2 was emitted by the Scherer
plant, the resulting sulfate/organics ratio is 0.32–0.47 in Scherer plume, which is much lower than 0.65–1.21 in
Harllee Branch plume. The newly formed sulfate in the Scherer plume mainly condensed onto preexisting
particles, as suggested by the very small enhancement in particle number concentration (Figure S6f). Size dis-
tributions indicate that the number concentration of particles larger than 100 nm did not change in the
Scherer plume, yet the volume concentration increased slightly, which is consistent with condensation of sul-
fate onto preexisting particles. Considering the high RH (>60%) in the atmosphere, the mixing time is likely
short [Song et al., 2015] so that the newly formed sulfate would be likely internally mixed with existing par-
ticles. In the Harllee Branch plume, there is a large enhancement in particle number concentration (Figure
S6f), suggesting new particle formation from SO2 oxidation. Furthermore, both the number and volume con-
centrations of particles larger than 100 nm increased in the Harllee Branch plume, indicating that some of the
freshly formed sulfate particles remained separate from the preexisting population. Overall, there is more
available sulfate and more active sites for IEPOX uptake in Harllee Branch plume. Therefore, in addition to
the varying sulfate mass concentration, particle microphysical properties may also contribute to the differ-
ence in isoprene-OA enhancement between the two power plants. These results show that the effect of par-
ticle microphysical properties may be important and warrants future investigation.

4. Implications

Although the rapid reactive uptake of IEPOX to acidic particles has been observed in laboratory studies
[Gaston et al., 2014; Liu et al., 2015; Surratt et al., 2010], we report, for the first time, the rapid isoprene-OA
formation via the IEPOX reactive uptake based on ambient measurements. We show that the sulfate, which
is an oxidation product of SO2 emitted from power plants, can enhance IEPOX uptake and facilitate the
subsequent SOA formation, because sulfate enhances both IEPOX uptake to particles (i.e., through particle
surface area) and aqueous-phase reactions (i.e., through particle acidity).

Airborne measurements of power plant plumes provide an opportunity to elucidate the magnitude of sulfate
influence on isoprene-OA formation. As the isoprene-OAwas formed rapidly in the plumes that were sampled

Figure 9. The effect of H2Optcl (μgm
�3) on particle pH, kaq, γ, surface area, and khet while holding the other covariates

(sulfate and H+) constant. Different HIEPOX values (3.0 × 107 and 1.7 × 108 in the unit of M atm�1) are used.
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shortly after emission, we avoid challenges
encountered in the interpretation of sur-
face measurements, such as long-range
transport and chemical aging of aerosol.
For the Harllee Branch plume, we find that
1μg sm�3 decrease in sulfate is associated
with 0.23± 0.08μg sm�3 decrease in iso-
prene-OA (Figure 10). The uncertainty is
estimated by propagating the uncertain-
ties of the linear correlation (26%), AMS
measurement on this flight (18%), and iso-
prene-OA concentration from PMF analy-
sis (13% by bootstrapping runs [Ulbrich
et al., 2009]). The magnitude of the sulfate
effect on isoprene-OA formation observed
here is consistent with Blanchard et al.
[2015], who estimated that the future
decrease in sulfate concentration by
1μgm�3 would reduce OA concentration
by 0.2 to 0.35μgm�3 (assuming
OA/OC=1.4) based on statistical analysis
on 14years of data collected at multiple
sites in the southeastern United States.
The magnitude in our study is also similar
to Xu et al. [2015b], who reported that
1μgm�3 decrease in sulfate would lead
to 0.42μgm�3 reduction of isoprene-OA

at the ground site of the SOAS. However, it is important to note that the magnitude of sulfate control on iso-
prene-OA reported in this study (i.e., 0.23μg sm�3) depends on the OH level. Plume OH is enhanced and reacts
with IEPOX, which competes with IEPOX heterogeneous reaction. For example, while the sulfate concentration
is enhanced in the Scherer plume (thoughweaker thanHarllee Branch), the isoprene-OA is not enhanced, which
is likely due to gas phase OH oxidation of IEPOX competing with IEPOX heterogeneous reaction.

The contrast in isoprene-OA concentration evolution between Harllee Branch (representative of older, ineffi-
cient, high NOx and SO2 emitting coal plants) and Scherer (representative of modern, more efficient, lower
NOx and SO2 emitting coal plants) shows one benefit to air quality by implementing the emission control sys-
tem and subsequent reducing SO2 emission. This benefit should be considered in the perspective of the
environmental impacts of electric power generation [de Gouw et al., 2014]. Hidy et al. [2014] showed that sul-
fate concentration in the southeastern United States has reduced by ~3μgm�3 (average of all SEARCH sites)
in summer during the past 15 years. This sulfate reduction could cause ~0.7μgm�3 reduction in OA by apply-
ing the magnitude of sulfate effect on isoprene-OA obtained from this study. Considering that OA decreases
by 2.8μgm�3 (average of all SEARCH sites and assuming OA/OC ratio of 1.4) [Hidy et al., 2014], ~25% of the
OA reduction could arise from the sulfate control over isoprene-OA formation. However, this estimation
serves as an upper bound because the IEPOX concentration is expected to be lower in the past than the pre-
sent, considering that ambient NOx levels were substantially higher in the past and likely dominated the fate
of RO2. In the future, as the NOx concentration is expected to keep decreasing due to emission regulations
[Pye et al., 2015], the formation of IEPOX would be enhanced and could potentially increase the importance
of sulfate in terms of mediating isoprene-OA formation during the summer.
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